Assembly of the protein complex associated with Usher syndrome type 2 (USH2) is unclear. Results: WHRN and PDZD7 heterodimerization and their interactions with USH2A and GPR98 are required for USH2 complex formation. Conclusion: An USH2 quaternary protein complex may exist in vivo. Significance: This study provides clues to USH2 pathogenesis and may permit the complex reconstitution for therapeutic intervention.
Whrn, or Pdzd7 gene causes disorganization and gradual degeneration of hair bundles in mice (10, 11, 16, 21, 22) , which leads to reduction of mechanotransduction responses and hearing loss (10, 11, 16) . Disruption of Whrn or Ush2a expression in the retina results in slow degeneration (21, 22) ; vesicles and vacuoles were found to accumulate around the periciliary membrane complex in Whrn mutant photoreceptors (22) . Consequently, the four USH genes, USH2A, GPR98, WHRN, and PDZD7, are believed to be important for hair cell development and photoreceptor survival, although each may have relatively different roles in these cellular processes. WHRN ( Fig. 1 ) and PDZD7 ( Fig. 1 ) proteins are paralogs sharing 55% similarity in amino acid sequence. Both have several protein-protein interaction domains, including PDZ (PSD95/Dlg1/ZO-1) domains, proline-rich (PR) regions, and harmonin-N like (HNL) domains, suggesting that they are scaffold proteins. USH2A protein is a type I membrane protein with multiple extracellular cell adhesion domains (Fig. 1) , and GPR98 protein is a very large adhesion G protein-coupled receptor (GPCR) (23, 24) with multiple tandemly arranged extracellular calcium-binding repeats ( Fig. 1 ). USH2A and GPR98 proteins each have a very short cytoplasmic region carrying a PDZ domain-binding motif (PBM) at their C termini. Biochemical studies demonstrate that the PDZ domains of WHRN and PDZD7 are able to bind the PBMs of USH2A and GPR98 (1, 13, 16, 22, 25) . In photoreceptors, USH2A, GPR98, and WHRN proteins show mutual dependence for normal localizations at the periciliary membrane complex, and WHRN is able to recruit USH2A and GPR98 to the periciliary membrane complex (22, 26) . In developing cochlear hair cells, some of the USH2A, GPR98, WHRN, and PDZD7 proteins have been demonstrated to be mutually required for normal localizations at the ankle link complex (11, 16) . Therefore, USH2A, GPR98, WHRN, and PDZD7 proteins are proposed to form an USH2 protein complex through direct interactions.
Despite the above findings, no direct evidence has been presented showing the USH2 protein complex formation and its underlying mechanism. Thus, it is unknown how the four USH proteins function together in vivo. Several hurdles exist to addressing these questions in living animals (e.g. the extremely large molecular size of USH2A (5202 aa in humans) and GPR98 (6306 aa in humans) proteins, the existence of transmembrane domains in these two proteins, specific and restricted localizations of the proposed complex on the plasma membrane, and limited amounts of inner ear hair cells and retinal photoreceptors available from animal models. Here, we used a heterologous cell culture expression system to systematically investigate interactions among the known domains of USH2A, GPR98, WHRN, and PDZD7 proteins. Because these interactions are expected to occur inside the cell, we focused on the cytoplasmic regions of USH2A and GPR98 proteins. Based on our findings, we proposed a model for the formation of the USH2 protein complex through direct interactions among its component proteins.
EXPERIMENTAL PROCEDURES

DNA Constructs
DNA constructs were cloned by RT-PCR using the mouse retinal total RNA or subcloned from other constructs containing cDNAs. All cloned constructs were confirmed by DNA sequencing. To generate GFP-, mCherry-, FLAG-, GST-, His-, and HA-tagged proteins, protein cDNAs were cloned in frame with tags into pEGFP-C (Clontech), pmCherry-C1 (modified from pEGFP-C1), p3XFLAG-Myc-CMV-26 (Sigma-Aldrich), pGEX4t-1 (GE Healthcare), pET28a (Novagen, Billerica, MA), and CMV-HA (Clontech) vectors, respectively. GFP-, mCherry-, GAL4 AD-, and GAL4 BD-tagged WHRN FL constructs and GAL4 AD-and GAL4 BD-tagged WHRN PDZ1ϩ2 and WHRN-C constructs were reported previously (22, 27) . FLAG-tagged WHRN FL cDNA was subcloned using the GFPor mCherry-tagged constructs. WHRN PDZ1, PDZ2, PDZ3, PDZ3 PBM⌬, PDZ1ϩ2, and FL PBM⌬ cDNAs encoding the protein regions of aa 1-247, 240 -469, 710 -918, 710 -914, 1-469, and 1-914, respectively, (NP_001008791) were cloned from the WHRN FL constructs. GF/AA substitution and ␤1 deletion in the WHRN PDZ1 and WHRN FL constructs were generated using a site-directed mutagenesis kit (Agilent Tech- nologies, Santa Clara, CA). The GFP-PDZD7 FL construct was described previously (16) . PDZD7 PDZ1, PDZ2, PDZ3, PDZ1ϩ2, and FL cDNAs encoding the protein regions of aa 84 -64, 209 -289, 856 -944, 84 -289, and 2-1021, respectively (NP_001182194), were cloned from the GFP-PDZD7 FL construct. USH2A (corresponding to aa 5044 -5193, NP_067383) and GPR98 (corresponding to aa 6149 -6298, NP_473394) cDNAs were inserted into p3XFLAG-Myc-CMV-26, pmCherry-C1, and pEGFP-C1 vectors. FLAG tags were further inserted into the resulting GFP-tagged constructs by PCR. Another USH2A (corresponding to aa 5053-5193, NP_067383) and GPR98 (corresponding to aa 6198 -6298, NP_473394) cDNAs were inserted into pGEX4t-1 and pET28a vectors. A third set of USH2A (corresponding to aa 5074 -5193, NP_067383) and GPR98 (corresponding to aa 6179 -6298, NP_473394) cDNAs were inserted into the pEGFP-C1 vector. The last set of USH2A and GPR98 constructs was used only to measure the molar ratio of components in the USH2 complex and are distinguished from other GFP-tagged USH2A and GPR98 constructs by an asterisk following their names. GAL4 AD-tagged USH2A construct was described previously (22) . Full-length mouse vimentin cDNA (corresponding to aa 1-466, NP_035831) was cloned into the pEGFP-C2 vector.
Antibodies
Rabbit and chicken polyclonal antibodies directed against PDZD7, WHRN, and GFP have been reported (16, 22) . Another rabbit polyclonal antibody against GFP, a mouse monoclonal antibody against His tag and goat polyclonal antibody against GST were purchased from Abcam (Cambridge, MA). Mouse monoclonal antibodies directed against FLAG tag, HA tag, and BSA were obtained from Sigma-Aldrich. Rabbit polyclonal antibody recognizing mCherry (Clontech) and horseradish peroxidase (HRP)-conjugated AffiniPure secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were also purchased.
Cell Culture and Transfection
HEK293 and COS7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v; HEK293) or 5% (v/v; COS7) fetal bovine serum, 100 g/ml penicillin, and 100 g/ml streptomycin (Invitrogen). Cells were transfected with various DNA plasmids using PEI (HEK293, Polysciences, Inc., Warrington, PA), TurboFect TM in vitro transfection reagent (COS7, Fermentas Life Sciences, Glen Burnie, MD), or FuGENE 6 transfection reagent (COS7, Roche Applied Science) according to the manufacturers' protocols. Cells were harvested for analyses at 24 -48 h post-transfection.
FLAG, GST, and His Tag Pull-down Assays
FLAG Pull-down Assays-cDNA constructs of FLAG-tagged proteins and their putative associated proteins were cotransfected into HEK293 cells. After expression of these proteins, cells were homogenized in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% (v/v) Triton X-100, 5 mM EDTA, 1ϫ protease inhibitor, and 1 mM DTT). The cell lysates were then cleared by centrifugation at 21,000 ϫ g for 10 min and incu-bated with anti-FLAG M2-agarose affinity gel (Sigma-Aldrich) for 2 h or overnight with gentle agitation. Agarose beads and their binding proteins were subsequently spun down, washed four times with lysis buffer, and boiled in Laemmli sample buffer for 5 min.
GST Pull-down Assays-GST-and His-tagged proteins were separately expressed in BL21-CodonPlus (DE3)-RIPL cells (Agilent Technologies, Santa Clara, CA) and lysed by sonication and lysozyme treatment in lysis buffer. Wild-type mouse retinas were homogenized in lysis buffer. The Escherichia coli cell lysates containing the GST-and His-tagged proteins and the retinal lysate were mixed and incubated with glutathione-Sepharose beads (GE Healthcare) for 2 h. The Sepharose beads were spun down, washed with lysis buffer three times, and boiled in Laemmli sample buffer for 10 min.
Competitive GST and His Tag Pull-down Assays-GST-USH2A and His-GPR98 cytoplasmic fragments were obtained as described (above). Lysate protein concentrations were determined in Coomassie Blue-stained SDS-polyacrylamide gels by densitometry using BSA (New England Biolabs, Ipswich, MA) as a standard. A GST-USH2A fragment was incubated with the mouse retinal lysate and glutathione-Sepharose beads for 2 h. The beads and their associated proteins were spun down, washed three times with lysis buffer, and incubated with different amounts of His-GPR98 fragment (0 to 6 g/ml) in lysis buffer for 2 h. Then beads with associated proteins were spun down, and supernatants were mixed with Laemmli sample buffer and boiled for 10 min. The pellets were washed three times with lysis buffer and boiled in Laemmli sample buffer for 10 min. Alternatively, His-GPR98 fragment was first incubated with the mouse retinal lysate and the Ni 2ϩ -charged nitrilotriacetic acid-agarose (Novagen, Billerica, MA) for 2 h. The beads and associated proteins were then incubated with the GST-USH2A fragment. The detailed competitive His tag pull-down procedure was similar to the competitive GST pull-down assay. BSA was used in all experiments as a negative control.
All FLAG, GST, and His tag pull-down assays were performed at 4°C. Inputs and pull-down pellets of these experiments and the supernatants in the competitive pull-down experiments were subjected to standard SDS-PAGE and immunoblotting using appropriate primary antibodies. Signals were developed by sequential incubations with an HRP-conjugated secondary antibody and chemiluminescent substrate and detected using the chemiluminescence mode of a FluorChem Q machine (Proteinsimple, Santa Clara, CA).
Semiquantitative Analysis of Protein Binding Affinities
FLAG pull-down assays were conducted between the two binding partners tagged with FLAG and GFP, respectively. The inputs and pellets were subjected to SDS-PAGE and immunoblotting using anti-FLAG and anti-GFP antibodies. Immunoblot signals were captured under non-saturating conditions; signal intensities of GFP-tagged proteins in the input and pellet lanes and FLAG-tagged proteins in the pellet lanes were quantified using ImageJ software (National Institutes of Health, Bethesda, MD). To normalize differences arising during the transfection and FLAG pull-down steps, the signal intensities of GFP-tagged proteins in the pellets were divided by the signal intensities of their input lanes and the signal intensities of their interacting partners, FLAG-tagged proteins, in the pellet lanes. To reduce variations among different experiments, caused mainly by different exposure times to catch the immunoblot signals, normalized signal intensities of GFP-tagged proteins in the pellets from the interaction between WHRN and USH2A were further normalized by those from the interaction between WHRN and GPR98. The same normalization was also conducted for interactions of PDZD7 with USH2A and GPR98. Student's t tests were conducted to analyze the significance of differences between the interactions of WHRN with USH2A and GPR98 or between the interactions of PDZD7 with USH2A and GPR98.
Stoichiometry of the USH2 Quaternary Protein Complex
Molar ratios were measured in two slightly different USH2 quaternary protein complexes. Besides GFP-tagged WHRN PDZ1 and PDZD7 PDZ2 fragments shared by the two complexes, one complex had the FLAG-GFP-USH2A and GFP-GPR98* cytoplasmic fragments, and the other complex had the FLAG-GFP-GPR98 and GFP-USH2A* cytoplasmic fragments. To measure the molar ratios of the four proteins in complex, HEK293 cells were transfected quadruply with relatively equal amounts of cDNA plasmids of the four protein fragments. Alternatively, HEK293 cells were transfected by the four USH protein fragments individually. The protein expression levels were estimated by signal intensities on the anti-GFP immunoblots. Cell lysates expressing these four proteins were then mixed to generate cell lysates with relatively equal amounts of the four proteins. Standard FLAG pull-down assays were performed using the quadruply transfected or the mixed singly transfected cell lysates, followed by immunoblotting using the anti-GFP antibody. Signal intensities of the three proteins in the FLAG pellet lanes, except for the FLAG-tagged USH2 proteins, were measured using ImageJ software. To calculate the molar amounts of the three protein fragments in the pellet, their signal intensities were divided by their molecular weights. Molar ratios were then calculated by normalizing the molar amounts of the three protein fragments by the molar amount of WHRN fragment in the same pellet for the pull-down experiments using the FLAG-GFP-GPR98 fragment or by the molar amount of the PDZD7 fragment in the same pellet for the pull-down experiments using the FLAG-GFP-USH2A fragment. Substitutions of the FLAG-GFP-USH2A and FLAG-GFP-GPR98 fragments with GFP-USH2A and GFP-GPR98 fragments, respectively, were negative controls in these experiments.
Yeast Two-hybrid Analysis
Yeast AH109 competent cells were made and cotransformations were performed according to the Clontech Yeast Protocols Handbook (PT3024-1). Briefly, three yeast colonies with a diameter of 2-3 mm were picked and grown in 50 ml of YPDA broth at 30°C with a shaking speed of 260 rpm for 16 h. The resulting yeast broth with an A 600 value greater than 1.5 was further transferred to 300 ml of YPDA broth and cultured for another 3 h. After several washes, the competent cells were resuspended in 1ϫ TE, 1ϫ LiAc buffer. For cotransformation, 100 l of the competent cells were mixed with 0.2 g of bait and prey plasmid DNAs (0.1 g each) and 100 g of carrier DNA. After shaking at 30°C for 30 min and heat shock at 42°C for 15 min, the cells were spun down and resuspended in 100 l of TE buffer. The transformed cells were spread on one DDO (SD/ ϪLeu/ϪTrp) plate and grown at 30°C. From the DDO plate, five grown colonies were picked and mixed well in 20 l of DDO broth. Half of the mixed broth was streaked on a DDO plate, and the other half of the mixed broth was streaked on a QDO (SD/ϪLeu/ϪTrp/ϪAde/ϪHis) plate with X-␣-Gal. Both plates were incubated at 30°C for 5 days.
RESULTS
USH2A and GPR98 Cytoplasmic Fragments Do Not Interact
Directly-Colocalization of USH2A and GPR98 in photoreceptors and hair cells (22) prompted us to investigate whether these two proteins interacted directly in the proposed USH2 protein complex. Because the USH2 protein complex is presumably present inside the cell, we cloned the entire USH2A and GPR98 cytoplasmic regions and fused them with different tags ( Fig. 2A ). To determine their interaction, reciprocal FLAG pull-down assays were performed using HEK293 cells doubletransfected transiently with differently tagged USH2A and GPR98 cytoplasmic fragments. The ability of FLAG-tagged DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 protein to pull down the other protein would indicate the existence of interaction between these two proteins. We found that USH2A and GPR98 cytoplasmic fragments did not interact directly, although USH2A but not GPR98 cytoplasmic fragment was able to form homodimers (Fig. 2 , B and C). Therefore, in order to keep USH2A and GPR98 cytoplasmic fragments in the same protein complex, at least one additional protein that interacts with both USH2A and GPR98 is required.
Formation of the USH2 Quaternary Protein Complex
USH2A and GPR98 Interact Differently with WHRN PDZ Domains-USH2A and GPR98 cytoplasmic regions both contain a PBM of the same sequence, Asp-Thr-His-Leu. This PBM of USH2A and GPR98 interacts with WHRN PDZ domains (13, 22, 25) . Additionally, WHRN is able to recruit USH2A and GPR98 to their normal locations in photoreceptors (26) . Therefore, WHRN may be a candidate link between USH2A and GPR98 in the USH2 protein complex. To examine which WHRN PDZ domains interact with USH2A/GPR98 PBMs, we again performed FLAG pull-down assays. FLAG-WHRN PDZ1, PDZ2, and PDZ1ϩ2 fragments, but not FLAG-WHRN PDZ3 fragment, were able to pull down the GFP-USH2A fragment, whereas the FLAG-WHRN PDZ1 and PDZ1ϩ2 fragments, but not FLAG-WHRN PDZ2 or PDZ3 fragment, were able to pull down the GFP-GPR98 fragment (Fig. 3, A and B) . FLAG-WHRN full-length (FL) protein could not pull down GFP, indicating that GFP was not involved in the above interactions. Reciprocally, the FLAG-USH2A fragment was able to pull down WHRN PDZ1 and PDZ2 but not PDZ3 fragments, whereas the FLAG-GPR98 fragment was able to pull down only the WHRN PDZ1 fragment and not the WHRN PDZ2 or PDZ3 fragment ( Fig. 3C ). Thus, USH2A and GPR98 interact differently with WHRN PDZ domains; the USH2A cytoplasmic fragment interacts with WHRN PDZ1 and PDZ2 domains, whereas the GPR98 cytoplasmic fragment interacts only with WHRN PDZ1 domain. This finding is consistent with a previous report using yeast two-hybrid assays (13).
WHRN Forms Homodimers through Its Multiple Domains-WHRN FL and C-terminal half fragments translated in vitro were reported to form dimers (18) , suggesting that WHRN dimerization may contribute to the USH2 protein complex formation. To further investigate whether WHRN dimerization occurs in vivo in mammalian cells, we compared the localizations of GFP-tagged and mCherry-tagged WHRN proteins in double-transfected COS7 cells. The two differently tagged WHRN proteins exhibited similar subcellular distributions ( Fig. 4A ), suggesting colocalization and interaction. As a negative control, mCherry-WHRN did not colocalize with GFP-vimentin, which is an intermediate filament protein and unknown to interact with WHRN. To thoroughly identify WHRN regions responsible for WHRN dimerization, we analyzed the interactions among WHRN FL, N-terminal (WHRN PDZ1ϩ2), and C-terminal (WHRN-C) fragments using yeast two-hybrid analyses. The WHRN PDZ1ϩ2 fragment contains HNL, PDZ1, and PDZ2 domains, and the WHRN-C fragment contains PR, PDZ3, and PBM domains ( Fig. 4B ). Our results showed that the WHRN PDZ1ϩ2 fragment played an essential role in WHRN dimerization ( Fig. 4B ), whereas the binding between WHRN PDZ1ϩ2 and WHRN-C fragments might be weak or false due to inconsistent results from two different combinations of bait and prey vectors. We also performed FLAG pull-down assays. WHRN PDZ1 fragment was found to bind to itself as well as to the WHRN PDZ2 fragment (Fig. 4 , C and D); WHRN PDZ2 fragment bound only to the WHRN PDZ1 fragment (Fig. 4 , C and E); and WHRN PDZ3 fragment bound only to itself ( Fig. 4 , C and F). Data from yeast twohybrid analyses and FLAG pull-down assays demonstrate that both WHRN N-terminal and C-terminal regions are involved in WHRN dimerization, and the WHRN PR region may inhibit the dimerization between WHRN C-terminal regions.
The WHRN PDZ3 fragment used in the above FLAG pulldown experiment has a PDZ domain and a class II PBM, Asn-Val-Met-Leu (28) (Fig. 4C ). It was possible that the observed dimerization between WHRN PDZ3 fragments was mediated by interactions between PDZ3 domains and/or between the PDZ3 domain and PBM. To distinguish these possibilities, we generated a mutant WHRN PDZ3 fragment (WHRN PDZ3 PBM ⌬), which did not have the PBM (Fig. 4C ). FLAG pulldown assays showed that the mutant WHRN PDZ3 fragment pulled down neither the wild-type nor the mutant WHRN PDZ3 fragment ( Fig. 4G ). Thus, the interaction between the PBM and PDZ3 domain was necessary for WHRN PDZ3 fragment dimerization. The inability of the mutant WHRN PDZ3 fragment to pull down the wild-type WHRN PDZ3 fragment could be explained by unavailability of PBM due to its intramolecular interaction with the PDZ3 domain in the wild-type fragment. In summary, our data demonstrate that WHRN is able to form homodimers through interactions among its three PDZ domains and PBM.
WHRN PDZ1 Domain Independently Dimerizes with WHRN PDZ1/PDZ2 Domain and Interacts with USH2A/GPR98 -The ability of WHRN PDZ1 domain to interact with multiple partners, such as itself, WHRN PDZ2, USH2A, and GPR98, prompted us to ask whether the WHRN PDZ1 domain could interact with these partners simultaneously. PDZ domains typically bind to a PBM through their carboxylate-binding loop (28, 29) . In WHRN PDZ1 domain, we disrupted the carboxylate-binding loop, Lys-Xaa-Xaa-Xaa-Gly-Leu-Gly-Phe, by substituting key residues Gly 154 -Phe 155 with two alanines (Fig. 5A ). FLAG pull-down assays showed that the GF/AA substitution abolished and reduced the binding of WHRN PDZ1 and WHRN FL to the USH2A cytoplasmic fragment, respectively (Fig. 5, B and C) . The reduced binding of WHRN FL GF/AA fragment to USH2A was probably due to the remaining WHRN PDZ2 function in this mutant fragment. Similarly, the GF/AA substitution eliminated the bindings of WHRN PDZ1 and FL fragments to the GPR98 cytoplasmic fragment (Fig. 5, B and D) . By contrast, the GF/AA substitution did not affect dimerization of the WHRN PDZ1 domain with itself or WHRN PDZ2 domain (Fig. 5, B and E) . Thus, the carboxylate-binding loop of the WHRN PDZ1 domain is responsible for interactions with USH2A/GPR98 PBMs but not dimerizations. Further, the inability of the WHRN PDZ1 GF/AA fragment, which includes an intact HNL domain ( Fig. 5B) , to bind to USH2A or GPR98 cytoplasmic fragment indicates that this HNL domain does not play a role in the binding between WHRN and USH2A or GPR98.
PDZ domains homo-or heterodimerize through their ␤ strands. Among these ␤ strands, ␤1 serves an important role in several distinct PDZ domain dimerization mechanisms, such as those mediating dimerizations of ZO1 PDZ2, GRIP PDZ6, and Shank1 PDZ domains (30 -34) . In this study, we deleted the WHRN PDZ1 ␤1 strand (␤1 ⌬, Pro-Gly-Glu-Val-Arg-Leu-Val-Ser-Leu 136 -144 deletion; Figs. 5A and 6A) and examined the dimerization and PBM-binding abilities of the mutants. ␤1 strand deletion abolished the ability of the WHRN PDZ1 domain to dimerize with itself and the PDZ2 domain of the WHRN PDZ1ϩ2 fragment (Fig. 6 , B and C) but did not affect binding to USH2A or GPR98 PBM ( Fig. 6, B , D, and E). Therefore, WHRN PDZ1 domain can interact with partners independently through its carboxylate-binding loop and ␤1 strand.
WHRN, While Binding to GPR98 or USH2A, Dimerizes Only through Its PDZ1 Domain-We next investigated whether one WHRN protein binding to USH2A/GPR98 could dimerize with another WHRN protein and which WHRN domains are involved in the dimerization (Fig. 7A ). We first tested the role of PDZ1 by examining whether the GPR98 cytoplasmic fragment could pull down the mutant WHRN PDZ1 GF/AA fragment in the presence of wild-type WHRN PDZ1 fragment (Fig. 7B ). The DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36075 mutant WHRN PDZ1 GF/AA fragment was unable to bind to GPR98 directly ( Fig. 5D ). If the wild-type WHRN PDZ1 fragment could dimerize with the mutant WHRN PDZ1 GF/AA fragment and bind to the GPR98 PBM simultaneously, the GPR98 cytoplasmic fragment and mutant WHRN PDZ1 GF/AA fragment could be pulled down together. FLAG pull- down assays using HEK293 cells cotransfected with the three fragments found that the GPR98 cytoplasmic fragment was indeed able to pull down the mutant GFP-WHRN PDZ1 GF/AA fragment, but not GFP, in the presence of the wild-type mCherry-WHRN PDZ1 fragment (Fig. 7B) , indicating that WHRN PDZ1 domain can dimerize with itself and bind to GPR98 or USH2A simultaneously.
We then examined whether WHRN PDZ1 domain could bind to USH2A/GPR98 PBMs and form a heterodimer with WHRN PDZ2 domain simultaneously (Fig. 7C) . Because USH2A was able to bind to both WHRN PDZ1 and PDZ2 domains (Fig. 3, B and C) , which would complicate design and interpretation of our experiment, we decided to use the GPR98 cytoplasmic fragment in this experiment, which bound only to WHRN PDZ1 domain (Fig. 3, B and C) . The FLAG-GPR98 cytoplasmic fragment was able to pull down the GFP-WHRN PDZ1 fragment but not the mCherry-WHRN PDZ2 fragment when the three proteins were cotransfected in HEK293 cells (Fig. 7C) . Therefore, the GPR98-bound WHRN PDZ1 domain cannot dimerize with the WHRN PDZ2 domain. This result probably holds true when the bindings among WHRN PDZ1 domain, WHRN PDZ2 domain, and USH2A PBM are considered.
To study whether WHRN PDZ3 and PBM participated in WHRN dimerization while WHRN bound to GPR98 or USH2A (Fig. 7D) , we transfected WHRN FL and WHRN PDZ3 fragments together with either USH2A or GPR98 cytoplasmic fragment. Interestingly, neither USH2A nor GPR98 could pull down the WHRN PDZ3 fragment in the presence of the WHRN FL protein (Fig. 7D) . To exclude the possibility that an intramolecular interaction between PDZ3 domain and PBM of WHRN FL blocked the intermolecular interaction between WHRN FL and WHRN PDZ3 fragments, we repeated the same experiment using WHRN FL PBM ⌬ protein instead of the wild-type WHRN FL protein and observed the same result (Fig. 7E) . Therefore, WHRN FL protein cannot bind the PDZ3 or PBM of another WHRN when its N-terminal region is involved in binding to USH2A or GPR98. Taken together, although the reason is currently unclear, binding of the WHRN N-terminal region with USH2A or GPR98 affects dimerization of WHRN proteins through their PDZ2, PDZ3, and PBM domains. The USH2A/ GPR98-bound WHRN can only dimerize with another WHRN through its PDZ1 domain.
WHRN, USH2A, and GPR98 Are Unable to Form a Complex inside Cells-To test whether WHRN, USH2A, and GPR98 were able to form a complex through binding of the same WHRN protein to both USH2A and GPR98 or through dimerization of USH2A-bound and GPR98-bound WHRN proteins (Fig. 8A) , we did triple transfections of HEK293 cells with differently tagged USH2A, GPR98, and WHRN FL fragments. FLAG pull-down assays showed that USH2A and GPR98 fragments were unable to pull down each other in the presence of WHRN FL protein, whereas both USH2A and GPR98 fragments were able to pull down WHRN FL protein, indicating that their interaction domains were functional (lane 6 in Fig. 11, B and C) . Therefore, the three proteins could not form a complex. To further verify this finding, we switched to the GST pull-down assay in a cell-free system. We mixed the E. coli cell lysates expressing USH2A and GPR98 cytoplasmic fragments with the mouse retinal lysate containing the endogenous WHRN protein. Similarly, USH2A and GPR98 cytoplasmic fragments could not pull down each other in the presence of the retinal lysate but were able to pull down WHRN from the retinal lysate ( Fig. 8B ) (data not shown). Additionally, we performed competitive pull-down assays. Increasing amounts of His-tagged GPR98 cytoplasmic fragment, but not BSA, were able to quantitatively remove WHRN from the USH2A-bound pool in the GST pull-down pellet into the supernatant (Fig. 8C) . Probably, increasing amounts of GST-USH2A cytoplasmic fragment, but not BSA, were able to quantitatively remove WHRN from the GPR98-bound pool in the His tag pull-down pellet into the supernatant (data not shown). The results from these competitive pull-down assays indicate that the bindings of WHRN to USH2A and GPR98 are mutually exclusive. Therefore, WHRN cannot bind to USH2A and GPR98 simultaneously, and the USH2A-bound and GPR98-bound WHRN proteins are unable to dimerize with each other. The WHRN PDZ1 domain was able to dimerize with itself and to interact with GPR98 PBM at the same time (Fig. 7B ). Thus, it was possible that the WHRN PDZ1 fragment but not the WHRN FL protein was able to form a complex with GPR98 and USH2A cytoplasmic fragments and that other regions of WHRN FL may interfere with complex formation. To test this, we cotransfected the USH2A and GPR98 cytoplasmic fragments together with WHRN PDZ1 or PDZ1ϩ2 fragment. We found that the FLAG-USH2A cytoplasmic fragment could not pull down the GFP-GPR98 cytoplasmic fragment in the presence of HA-tagged WHRN PDZ1 or WHRN PDZ1ϩ2 fragment (Fig. 8D) . Therefore, like the WHRN FL protein, the WHRN PDZ1 fragment could not form a complex with GPR98 and USH2A cytoplasmic fragments. DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 (1, 16, 19) suggested that PDZD7 might participate in the USH2 protein complex formation. We first investigated whether PDZD7, like its paralog WHRN, could form homodimers. We found that the GFPtagged and mCherry-tagged PDZD7 proteins colocalized throughout the cytoplasm and filopodia in cotransfected COS7 cells (Fig. 9A ). As a negative control, mCherry-PDZD7 protein showed a signal pattern completely different from that of GFPvimentin, which is not known to interact with PDZD7. This result implied the occurrence of PDZD7 homodimerization in mammalian cells. We further performed FLAG pull-down assays using HEK293 cells cotransfected with various FLAGand GFP-tagged PDZD7 fragments (Fig. 9B) . The PDZD7 FL protein was able to pull down itself and the PDZ2 fragment but not the PDZ1 or PDZ3 fragment (Fig. 9, B and C) . Consistently, in reverse FLAG pull-down assays, only interactions between PDZ2 and FL fragments and between PDZ2 fragments themselves were observed (Fig. 9B) (data not shown) . Therefore, data from cell culture colocalization and FLAG pull-down experi-ments demonstrate that PDZD7 is able to form homodimers through the interaction between its PDZ2 domains.
PDZD7 Forms Homodimers through Its PDZ2 Domain and Heterodimers with WHRN through Their Multiple PDZ Domains-Recently discovered in vitro interactions between PDZD7 and WHRN, between PDZD7 PDZ1/PDZ2 and USH2A, and between PDZD7 PDZ2 and GPR98 as well as colocalization of PDZD7 and WHRN in hair cells
PDZD7 and WHRN heterodimerization, previously suggested by their coimmunoprecipitation (16) , was supported here by colocalization of differently tagged PDZD7 and WHRN proteins in COS7 cells (Fig. 10A) . To further dissect the PDZD7 and WHRN regions responsible for their heterodimerization, FLAG pull-down assays were exploited. FLAG-PDZD7 FL protein was able to pull down WHRN FL and three individual WHRN PDZ domains (Fig. 10, B and C) , and FLAG-WHRN FL protein was able to pull down PDZD7 FL and three individual PDZD7 PDZ domains (Fig. 10, B and D) . Consistently, reciprocal FLAG pull-down assays showed that the three WHRN PDZ domains and the three PDZD7 PDZ domains had the ability to bind to each other ( Fig. 10B) (data not shown) . Additionally, the binding abilities of WHRN PDZ3 and WHRN PDZ3 PBM ⌬ fragments to the various PDZD7 fragments were similar ( Fig.  10B ) (data not shown), indicating that it was the WHRN PDZ3 domain, not WHRN PBM, involved in these bindings. Therefore, PDZD7 and WHRN are able to form heterodimers through interactions among their multiple PDZ domains.
Both PDZD7 and WHRN Are Required for the Formation of a Quaternary Protein Complex with USH2A and GPR98 -To explore the role of PDZD7 in USH2 protein complex formation DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36079 ( Fig. 11A) , we performed co-transfections in HEK293 cells using variously tagged USH2A cytoplasmic fragment, GPR98 cytoplasmic fragment, WHRN protein, and PDZD7 protein. FLAG-GPR98 cytoplasmic fragment was able to pull down the mCherry-USH2A cytoplasmic fragment only in the presence of both WHRN and PDZD7 proteins and not in the presence of WHRN or PDZD7 protein alone (Fig. 11B) . The same result was found using the FLAG-USH2A cytoplasmic fragment to pull down the GFP-GPR98 cytoplasmic fragment (Fig. 11C ). Therefore, both WHRN and PDZD7 are required for USH2 protein complex formation. To further dissect WHRN and PDZD7 domains that contribute to complex formation, we performed similar experiments using the three individual PDZ fragments of WHRN and PDZD7. Only the WHRN PDZ1 and PDZD7 PDZ2 domains were required, whereas other PDZ domains of these two proteins were dispensable (Fig. 11, D-F) . Therefore, heterodimerization between WHRN PDZ1 domain and PDZD7 PDZ2 domain and interactions of these two PDZ domains with USH2A and GPR98 are essential for the formation of the USH2 quaternary protein complex.
Formation of the USH2 Quaternary Protein Complex
WHRN Binds More Strongly to USH2A than to GPR98, whereas PDZD7 Binds More Strongly to GPR98 than to USH2A-To examine whether WHRN and PDZD7 bound differently to USH2A and GPR98 in the USH2 protein complex, we compared their binding affinities semiquantitatively. FLAG pull-down assays were conducted using HEK293 cells cotransfected with WHRN PDZ1ϩ2 fragment and USH2A or GPR98 cytoplasmic fragment or with PDZD7 PDZ1ϩ2 fragment and USH2A or GPR98 cytoplasmic fragment. It was found that the amount of USH2A fragment pulled down by the FLAG-WHRN PDZ1ϩ2 fragment was significantly more than the amount of GPR98 fragment pulled down by the same WHRN fragment (p Ͻ 0.001, Fig. 12A ). Reciprocally, the amount of WHRN PDZ1ϩ2 fragment pulled down by the FLAG-USH2A fragment appeared to be more than the amount of the same WHRN frag- USH2A, GPR98, and WHRN do not form a complex. A, diagram of the question to be tested: whether WHRN, USH2A, and GPR98 can form a complex. B, GST-USH2A cytoplasmic fragment could pull down WHRN but not the His-GPR98 cytoplasmic fragment when the three proteins were mixed (lane 6). Lanes 4 and 5, two different negative controls. C, increasing amounts of His-GPR98 cytoplasmic fragment (top panels) but not BSA protein (bottom panels) competitively removed WHRN from the GST pull-down pellet (lanes 7-9), where WHRN bound to the GST-USH2A cytoplasmic fragment, into the supernatant (lanes 4 -6) . D, FLAG-USH2A cytoplasmic fragment could not pull down GFP-GPR98 cytoplasmic fragment in the presence of either the HA-WHRN (W) PDZ1ϩ2 (lane 6) or PDZ1 (lane 7) fragment. The HA-W PDZ3 fragment served as a negative control (lane 8). As a positive control, the FLAG-USH2A cytoplasmic fragment could pull down GFP-W FL protein (lane 5). The anti-GST blots in B and C and anti-FLAG blots in D demonstrate the success of the GST and FLAG pull-down assays, respectively. ϩ and Ϫ, presence and absence of protein fragments in the reaction, respectively. DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36081 ment pulled down by the FLAG-GPR98 fragment, although this difference was statistically insignificant (p ϭ 0.249; Fig. 12A ), which was probably due to the large technical variance inherent in this semiquantitative analysis. On the other hand, the amount of PDZD7 PDZ1ϩ2 fragment pulled down by the FLAG-USH2A fragment was about 50% less than the amount of the same PDZD7 fragment pulled down by the FLAG-GPR98 fragment (p ϭ 0.035; Fig. 12B ). Reciprocally, the amount of USH2A fragment pulled down by the FLAG-PDZD7 PDZ1ϩ2 fragment appeared to be about 40% less than the amount of GPR98 fragment pulled down by the same PDZD7 fragment, although this difference was also statistically insignificant (p ϭ 0.185; Fig. 12B ). Together, these data suggest that WHRN prefers to bind to USH2A and PDZD7 prefers to bind to GPR98 in the USH2 protein complex in vivo.
WHRN PBM Has Little Effect on the Interactions between WHRN and USH2A/GPR98 -Although WHRN PBM belonged to class II (28), it could interact with WHRN PDZ domains intra-molecularly, considering the recent discovery of PDZ domain promiscuity (35, 36) . To test whether these potential intramolecular bindings may affect the interactions between WHRN and USH2A/GPR98, we compared the binding of wild-type and mutant WHRN proteins to USH2A or GPR98 cytoplasmic fragment. The mutant WHRN protein (WHRN FL PBM ⌬) did not have the PBM. We found no significant difference between the binding of wild-type and mutant WHRN proteins to the USH2A or GPR98 cytoplasmic fragment (data not shown). This result suggests that the potential intramolecular bindings between WHRN PBM and PDZ domains, if they exist, do not affect the binding between WHRN and USH2A or GPR98.
The USH2 Quaternary Protein Complex Has a Variable Molar Ratio of Its Components-To investigate the stoichiometry of components in the USH2 quaternary protein complex, we quadruply transfected HEK293 cells with the USH2A cytoplasmic fragment, GPR98 cytoplasmic fragment, WHRN PDZ1 fragment, and PDZD7 PDZ2 fragment. All protein fragments had a GFP tag. The USH2 protein complex was pulled down by either the USH2A or GPR98 cytoplasmic fragment, which also had a FLAG tag. The molar ratio among the three components except for the FLAG-tagged USH2A or GPR98 fragment in the FLAG pull-down pellet was measured and calculated using signals from anti-GFP immunoblotting. FLAG-tagged USH2A and GPR98 fragments were excluded from the quantification analysis because they might be pulled down excessively in the complex by anti-FLAG-agarose beads. It turned out that the molar ratio among the three protein fragments in the pellet pulled down by either the FLAG-GFP-GPR98 or the FLAG-GFP-USH2A fragment was highly variable from four independent experiments (Fig. 13, A and B) . For an unknown reason, we noticed that the amounts of WHRN PDZ1 and PDZD7 PDZ2 fragments in the cell lysate and pull-down pellet were always much smaller than those of the other three proteins in the FLAG-GPR98 and FLAG-USH2A pull-down experiments, respectively (circled bands in Fig. 13, A and B) . To avoid the unknown factor leading to significantly uneven expression levels of the four protein fragments, we transfected HEK293 cells separately with the four protein fragments and mixed the singly transfected cell lysates to generate a mixture of approximately equal amounts of the four protein fragments before FLAG pull-down assays. Although molar ratios measured in this way were not as variable as those measured using the quadruply transfected cell lysates, large variations existed among three independent trials (Fig. 13, C and D) . The finding that the USH2 quaternary protein complex has variable numbers of USH2A, GPR98, WHRN, and PDZD7 proteins is interpreted as indicating that the cellular complex is non-obligate, dynamic, and heterogeneous. 
DISCUSSION
We present the first evidence using an in vitro system that USH2A, GPR98, WHRN, and PDZD7 proteins form a quaternary protein complex. Further studies allow us to propose a model explaining how these four USH proteins interact to form this complex ( Fig. 14) : PDZ1 and PDZ2 domains of WHRN and PDZD7 interact with USH2A PBM, WHRN PDZ1 and PDZD7 PDZ2 domains interact with GPR98 PBM, and the interaction between WHRN PDZ1 and PDZD7 PDZ2 domains is indispensable for linking USH2A and GPR98 cytoplasmic regions in the complex. WHRN prefers to bind to the USH2A cytoplasmic region, whereas PDZD7 prefers to bind to the GPR98 cytoplasmic region. USH2A may exist as oligomers through dimerization of its own cytoplasmic regions. Interactions among the four proteins in the USH2 complex are mainly mediated by PDZ domains, which usually have weak binding affinities in the micromolar range (37) . The four USH proteins probably associate and dissociate frequently, which is consistent with our observation that the USH2 protein complex has a variable molar ratio of its four components. Although multiple regions of WHRN and PDZD7 are able to mediate the homo-and heterodimerization of these two proteins, most regions are not required for the USH2 complex formation. They may play a role in regulating the availability of WHRN and PDZD7 to bind to USH2A and GPR98. Because neither WHRN nor PDZD7 alone is able to recruit both USH2A and GPR98 cytoplasmic fragments in the same complex, there are probably no intermediate complexes of the three proteins during the formation of the USH2 quaternary protein complex.
In inner ear hair cells, the USH2 protein complex formation can bring the complex components in close proximity, where they act as one functional unit. USH2A could bind to extracellular matrix proteins and/or other transmembrane proteins to facilitate the GPR98-mediated signal transduction. WHRN and PDZD7 may link GPR98 to its intracellular downstream effectors. Because WHRN and PDZD7 may recruit different protein subgroups, it is possible that GPR98 is able to activate functionally synergistic, complementary or opposite intracellular signaling events. Dynamic associations of components in the USH2 protein complex may provide flexibility, thereby allowing rapid on-off switches of signaling. Homo-and heterodimerization of WHRN and PDZD7 may also lead to high level polymerization of these two proteins with the formation of a unique subcellular compartment next to the USH2 protein complex (38 -40) . In this place, the enrichment of WHRN and PDZD7 could enable their rapid association and dissociation with USH2A and GPR98 and storage of molecules sufficient for GPR98 signaling.
PDZD7 localization could not be determined in mouse photoreceptors in our previous study (16) . Additionally, unlike in inner ear hair cells, where PDZD7 is essential for the normal localizations of USH2A, GPR98, and WHRN (16), knockout of D) . Graphs (bottom) show the calculated moles of GPR98, WHRN PDZ1, and PDZD7 PDZ2 fragments in the FLAG pull-down pellet, normalized by the moles of PDZD7 PDZ2 fragment in the same pellet, from four (B) or three (D) independent trials. Data from the same experiment (i.e. the same FLAG pull-down pellet) are labeled by the same symbols. Substitutions of FLAG-GFP-GPR98 and FLAG-GFP-USH2A fragments with GFP-GPR98 and GFP-USH2A fragments, respectively, are negative controls (lane 3, all panels). Bands circled by dashed lines are the W PDZ1 fragment (A) and P PDZ2 fragment (B). Bands (arrows in C and D) are nonspecific. ϩ, presence of protein fragments in the reaction.
Pdzd7 expression in mouse photoreceptors does not affect the localizations of the three USH2 proteins at the periciliary membrane complex (16) . These findings suggest that PDZD7 is dispensable for the USH2 complex formation in photoreceptors. Two possibilities may exist. First, another protein, not yet identified, may function at the periciliary membrane complex. This protein may have a domain structure and fulfill a function similar to that of PDZD7. Second, the extracellular regions of USH2A and GPR98 may interact with each other, which leads to formation of the USH2 complex without PDZD7. According to our model ( Fig. 14) , WHRN may prefer to bind to USH2A in photoreceptors. Interestingly, weak and late onset retinal degeneration has been found in Ush2a Ϫ/Ϫ and Whrn neo/neo mice (21, 22) , whereas no retinal degeneration has been reported in various Gpr98 mutant mice (10, 11, 16, (41) (42) (43) (44) (45) . Therefore, USH2A and WHRN might have more dominant roles than GPR98 and PDZD7 in photoreceptors. This may explain why, in patients with USH or retinitis pigmentosa, homozygous PDZD7 mutations have not yet been discovered (1, 5) , and GPR98 mutations are significantly rarer than USH2A mutations (46) . Previous (13, 22) and current ( Fig. 5, B-D) studies demonstrate that WHRN PDZ domains and USH2A/GPR98 PBMs are solely responsible for the interactions between WHRN and USH2A/GPR98 cytoplasmic regions. This could also be true for the interactions between PDZD7 and USH2A/GPR98 cytoplasmic regions. USH2A and GPR98 PBMs have exactly the same amino acid sequence, Asp-Thr-His-Leu. However, USH2A and GPR98 cytoplasmic fragments have different binding specificities and affinities to the PDZ domains of WHRN and PDZD7 (Fig. 14) . Recently, it was reported that the amino acids immediately upstream of a PBM could participate in the binding to a PDZ domain (36) . From fish, chickens, rodents, monkeys, and humans, 2 and 12 amino acids upstream of the USH2A and GPR98 PBMs are faithfully conserved, respectively. These amino acids in USH2A and GPR98 are completely different. Therefore, the amino acids upstream of USH2A and GPR98 PBMs could be the candidate residues involved in determining the binding specificities and affinities to WHRN and PDZD7 PDZ domains. On the other hand, differences in the carboxylate-binding loop and the PBM-binding groove among the PDZ1 and PDZ2 domains of WHRN and PDZD7 may also contribute to the differential bindings of these PDZ domains to USH2A and GPR98. Among these four PDZ domains, the WHRN PDZ1 and PDZD7 PDZ2 domains have amino acid sequences closest to each other in the carboxylate-binding loop and the PBM-binding groove, whereas, in the same two regions, the amino acid sequence of the PDZD7 PDZ1 domain is least similar to that of the WHRN PDZ1 domain. Further investigation into the mechanism underlying the differential bindings of WHRN and PDZD7 to USH2A and GPR98 is necessary and will provide valuable information regarding the distinct functions of the four USH proteins and the PDZ domain-mediated interactions in multiprotein complexes in general.
In summary, this study demonstrates that interaction between WHRN and PDZD7 is required for formation of the USH2 quaternary protein complex and reveals the dynamic interactions and relative binding affinities of its four component proteins. These findings provide a valuable and plausible model to explain, at a molecular level, how the four USH proteins stay and function together in vivo and why deletions or defects in one of these USH proteins can cause disorganization of the USH2 protein complex and eventually human diseases, such as USH and hearing loss. Further, our findings also suggest that additional proteins interacting with scaffold proteins, WHRN and PDZD7, may contribute unique features to the USH2 protein complex. Our proposed model may facilitate future reconstruction of the USH2 protein complex for therapeutic purposes specifically in photoreceptors and hair cells. 
